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Abstract
Helium diffraction has the potential to reveal
the degree of proton order at an ice surface,
and has been used in the past to benchmark
theoretical work. We demonstrate that previ-
ous calculations do not represent the diffrac-
tion experiment to a sufficient degree of accu-
racy. By combining a realistic helium-water po-
tential with quantum calculations using exact
close-coupling methods we demonstrate that
the scattering is strongly energy dependent.
Proton order may be inferred best from selec-
tive adsorption resonances of the helium atom,
which involve multiple scattering. We use the
results to discuss the validity of the latest as-
sumptions for the ice Ih surface with respect to
proton ordering.
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The molecular properties of water at surfaces
are a fundamentally important topic in surface
science.13 A central challenge, which is of rel-
evance in many fields,4 is the degree to which
the water-protons are ordered at the surface of
ice.
The structure of ice Ih, the stable crystalline
form of ice under ambient conditions, is four-
coordinated with oxygen atoms adopting the
lattice points. The structure can be viewed
as hexagonal double-layered networks (bilay-
ers), bonded to each-other perpendicular to the
(0001) direction. At temperatures above 72K,
the dipoles of the water molecules remain disor-
dered, while at cryogenic temperatures it may
form an ordered structure known as ice IX.5
The common picture at the surface however,
is that the water molecules maintain proton-
order even near the pre-melting temperature.
Recent theoretical works suggest that either
a 'Fletcher' striped model dominates the sur-
face,6,7 or that a Fletcher striped model is one
of the favoured structures.810
From the experimental point of view, the
challenge in studying proton-order at water
ad-layers arises not only from the complexity
of the structures themselves but also because
of fundamental limitations in the experimental
probes we have available. Imaging techniques
like STM can be used for studying ice only at
low temperatures were the studied surface is
typically of ice-IX, rather than ice-Ih. Further-
more, in thick ice films, interactions between
the surface and the tip become more impor-
tant.1,2,11,12 Electron scattering methods such
as LEED are mostly insensitive to the hydro-
gen orientation.1316 However, in some cases,
LEED measurements may be used as a refer-
ence for hydrogen-sensitive techniques like He-
lium Atom Scattering (HAS), where a difference
in the symmetry measured with the two tech-
niques may reveal the orientation of the water
dipoles.16,17
Recent theoretical studies of the ice sur-
face6,810 have benchmarked their data against
existing Helium Atom scattering1820 (HAS),
and Sum Frequency Generation21,22 (SFG)
measurements. In conducting SFG experi-
ments, special attention is taken to avoid local
and temporal melting of the surface due to the
high energies used. However, HAS is known
to be a gentle probe of the surface, with low
beam energies in the order of a few meV. On the
other-hand, based on approximated scattering
simulations, it has been argued that HAS is in-
sensitive to the proton order.19 In the present
work we demonstrate that the assumptions un-
derlying previous arguments are too simplistic.
To avoid computationally-expensive exact
scattering simulations, approximations are usu-
ally made. The most common approach is to
assume a Hard-Corrugated Wall (HCW) poten-
tial, an adequate assumption in cases where the
corrugation of the potential is weak (< 10%),
and the attractive part is negligible (usually for
beam energies much higher than the He-surface
potential well). A further common approxima-
tion, is to neglect multiple scattering and use
the eikonal formula.23 In cases were the inter-
action potential is highly corrugated and the at-
tractive well is important, exact solution to the
Schrödinger equation for realistic 3D potentials
is necessary in order to simulate the scattering
event.24
Exact scattering calculations24 for molecu-
lar adsorbates are rare and to the best of our
knowledge were used only in the study of CO
adsorbed on Cu(100),25 and Pt(111).26 In both
studies, the authors used a He-CO gas-phase
potential to construct a "pair-potential". Ri-
ley et. al.25 showed that even without tuning
the summed pair-potential, a good description
of the experiment is achieved, including bound-
state resonances. They also showed that minor
tuning to the average (DC) component of the
potential provides a more precise description of
the experiment.
Here, we explore the benefit from quantita-
tive analysis of HAS measurements of water at
surfaces. We construct a He-surface interaction
potential out of He-water gas-phase potentials,
and study the effect of structure on the scat-
tering pattern. We focus on proton ordering.
The results shows that diffraction is highly de-
pended on the beam energy, and exhibits strong
bound state resonance effects that depend on
proton-order. We discuss the relevance of this
work to the evolving picture of the surface of
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ice.6,810,18,19
The Helium-surface interaction potentials
described in this work were calculated by
summing-up individual He-water gas-phase po-
tentials for each water molecule in the unit
cell ("pair potential"). Some 120 × 120 neigh-
bour unit-cells were included in calculating
the potential. Using a gas-phase potential for
the He-water interaction is justified as intact
water molecules at surfaces are only slightly
distorted with respect to the gas-phase.2 The
specific potential we used as the building block
for the He-surface interaction was calculated
by Hodges et al.,27 which was used success-
fully to explain several gas-phase experiments.
The summation of pair-potentials is restricted
to the outermost layer where most structural
information is contained. Any contribution
from deeper layers will add an average offset to
the potential with little structural contribution
that is not considered in the present work.
Figure 1: (a)&(b) H-up and H-down ice bi-
layers. Large red (small black) circles rep-
resent oxygen (hydrogen) atoms. (c,d) Iso-
surfaces of V=-10 meV for the H-up and H-
down models respectively. (e) Iso-surface of
V=-10meV superimposed on-top of a proton-
disordered super-cell with a ratio of 6/3 H-up
to H-down unit-cells.
Fig[1](a,b) shows plan views of H-up and H-
down water bilayer models, for which we have
constructed He-surface interaction potentials,
while panels (c,d) presents iso-surfaces for the
attractive well of the H-up (panel c) and H-
down (panel d) potentials. Both iso-surfaces
demonstrate that the well is complicated and
can not be described with simple continuum
surfaces within the unit-cell, hence the effect
of the well on the scattering event can not be
accounted for by using beeby correction as en-
hancement to eikonal approximation.14,19 Fur-
thermore, the attractive well is markedly differ-
ent between the two models, which will affect
the scattering at low energies. We have consid-
ered several proton-disordered surfaces as well.
To avoid an unreasonable computing time, the
disorder at the upper part of the bilayer (ran-
dom H-up and H-down) was represented using
super-cell of 3x3 water unit-cells, and different
ratios of H-up to H-down. A typical result is
illustrated in fig[1](e), for a super-cell with 6:3
H-up to H-down. An iso-surface of V=-10meV
has been superimposed on a plan view of the
structure. The bottom of the potential well (of
which the iso-surface is a measure) is corrugated
in a semi-random fashion, governed by the H-up
to H-down ratio.
The scattering calculations were performed
using the close coupling method,28,29 in which
the time independent Schrödinger equation is
solved. We have used the "Multiscat" code de-
veloped originally by Manolopoulos et al.25,30
One advantage of using an exact method to
simulate the scattering is the ability to observe
bound-state resonances31,32 (BSR). BSR occur
when at certain kinematic conditions the he-
lium atom is scattered so as to travel for some
time parallel to the surface before emerging in
an allowed diffraction channel. A characteristic
of the presence of BSR is multiple scattering
and a strong dependence of the diffraction pat-
tern on the beam energy, where the resonances
themselves may be peaks, dips or have a Fano
like profile.29
Fig[2](a) presents the diffraction intensities
for H-up model, for the [1¯0], [00] and [10]
diffraction channels. For each channel, the
diffraction intensity is represented with bars
which stands for different beam energy (5-
17meV). Each bar is normalized to the corre-
sponding bar in the [00] channel. The diffrac-
tion pattern is highly dependent on the beam
energy. We attribute this strong dependence to
scattering through bound-state resonances, as
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Figure 2: Calculated diffraction intensities
from H-up, H-down and pseudo-disordered
models. (a) Diffraction for H-up model. Each
bar within each channel ([1¯0], [00], [10]) rep-
resent different beam energy (5-17meV) and is
normalized to the corresponding I00 bar. (b-
d) Specular intensity as function of beam en-
ergy for H-up, H-down and pseudo-disordered
models. The vertical lines emphasize the sim-
ilarity between bound-state resonances of the
pseudo-disordered and H-up models, explained
by the H-up/H-down ratio 6/3 of the pseudo-
disordered model which tends towards H-up.
described above. The significant contribution
from bound-state resonances is strong evidence
that the eikonal approximation is not appro-
priate to describe the scattering event, as both
multiple scattering and the attractive well play
an important role.
Fig[2](b-d) presents the energy dependence
of the specular channel for both H-up (top
panel) and H-down (bottom panel) models, and
for the pseudo-disordered structure (centeral
panel) presented on fig[1(e)]. As expected, reso-
nances exist at various beam energies, with dif-
ferent resonance energies for the different pro-
ton ordering. The disorder can be seen to
decrease the amplitude of the resonances as
well as broadening the resonant features. Fur-
ther more, the disordered surface resonances
are similar to the H-up resonances, resulted
from the ratio of H-up to H-down is 6/3 in
this particular pseudo-disordered surface. Cal-
culating a pseudo-disordered surface with the
inverse ratio yielded a dependency closer to that
of the H-down model. The broadening of the
bound-states features for the disordered model
implies that the life-time of the bound-states
are shorter.29 This result shows that the degree
of disorder and the ratio of H-up to H-down
can be inferred from the bound-state resonances
(BSR), and is a strong motivation for experi-
mental work to study Helium-ice BSR.
Figure 3: (a) 4x4 super-cell for Fletcher
like model. Red(black) circle represents oxy-
gen(hydrogen) atoms. The main feature of such
a model is the H-up rows every second primi-
tive unit-cell. (b-c) Diffraction intensities for
6 fletcher domains which are rotated with 60o
with respect to each other, along ΓM & ΓK az-
imuth of one of the domains. The bar marked
with "1" correspond to the 1st order channel
of a simple bilayer unit-cell, which is also the
4th order channel with respect to the super-cell.
The intensity of half order peak is significant
(mainly on ΓK azimuth).
We now address evidence for the 'Fletcher'
model at the surface of ice-Ih. Fig[3(b-c)]
present a sum of contributions from the do-
mains of water structured in a Fletcher model
fashion (fig[3](a)). The governing property of
the Fletcher model is the presence of dangling
Hydrogen atoms (H-up) every second unit-cell
(see fig[3]), hence it is expected that the half
order intensities will be pronounced, as seen in
fig[3](c). Previous HAS experiments18,19 show
strong and narrow 1st order peaks, while the
half order peaks are weak, broad and not well
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defined. In contrast, the calculated diffraction
pattern for a Fletcher like model shows that the
intensity would be almost even between the 1st
and half order peaks along the ΓM direction.
We expect that a larger model (than used for
our calculation) will preserve this characteristic.
For the ΓK direction, the calculated half or-
der peaks have three times more intensity than
the 1st order ones. Our results suggest that the
Fletcher model cannot be present at the surface
to a significant degree. The previously reported
half order peaks19 may arise from a co-existance
of the Fletcher structure, if it exists, together
with other structures with similar energy.8
In conclusion, we demonstrate the importance
of including multiple-scattering with a realistic
potential for computing the scattering of low
energy Helium atoms from water surfaces, im-
plying that previous conclusions based on the
eikonal method should be reconsidered. The
diffraction of helium scattered from water sur-
faces is highly dependent on the beam energy,
with bound state features that are sensitive to
the proton ordering. Disorder results a signifi-
cant decrease in the specular intensity, broaden
the bound-state resonance features hence short-
ening the bound-state resonances life-time. Fi-
nally, comparing experimental results from the
literature with the diffraction calculations sug-
gest that previously measured ice-surface19 is
unlikely to be dominated by 'Fletcher' model.
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